For high-sensitive micro bio-analysis, fabrication of micro/nano structure by synthesis of vertically aligned carbon nanotubes (VACNTs) and self-organization, and improvement of surface activation of the CNTs by Ar plasma irradiation were performed in this study. The influence of structure dimensions and plasma irradiation on the bio-analysis was investigated. CNTs structures with various feature size and with various treatment conditions was fabricated, and protein adsorption characteristics on the CNTs structures were evaluated by fluorometry. The results revealed that the adsorbability of proteins depends on structure and surface treatment condition significantly. Finer structures with proper treatment tend to adsorb more proteins. The adsorbability for the CNTs reaction fields with finest structure and with best treatment condition was improved more than 30 times.
Introduction
The development of micro reactor for Lab-On-Chip (LOC) device, a term for "micro Total Analysis Systems (µTAS)", has been growing recent years. LOC devices are now widely used in biology and biotechnology applications including analysis of DNA and proteins, high throughput screening, and chemical reactions [1] . Various bio-substances are often analyzed by detecting the immune reaction between antigens in a sample solution or antibodies immobilized on micro channel-surfaces using fluorescence or the surface plasmon resonance detections. In such applications, sensibility of the detection depends significantly on surface of reaction field.
Fabrication of Micro/nano structures in order to create high specific surface area (surface areas per volume) with good wettability, activation is currently one of the important issues in LOC and µTAS. On the other hand, nano-materials are increasing playing a key role in electronic, biological, chemical, and medical applications. Bottom-up processes using nano-materials, such as nano particles, nanotubes, and so on, have been attracting attentions for fabrication of Micro/nano structures. In particular, since its detection in 1991, carbon nanotubes (CNTs) have been attracting significant attention [2, 3] , and been used as nano/micro structured reaction field because of their unique characteristics, such as its chemical stability and nanostructure with high aspect ratio which brings in high specific surface area [4, 5] . However, the influence of surface characteristics and structure on reaction efficiency has not been investigated.
To fabricate micro/nano structure for high-sensitive bio-analysis, the authors has developed a process to fabricate micro/nano structure by synthesis of vertically aligned CNTs (VACNTs) and self-organization, and to improve surface activation of CNTs by Ar plasma irradiation. In this study, the influence of structure dimensions and plasma irradiation on the bio-analysis was investigated. VACNTs with various lengths were synthesized and utilized to fabricate micro/nano structures with different features. The plasma irradiation with various conditions was applied to investigate the effect on the activation of CNTs surface.
Furthermore, protein adsorption characteristics were investigated to evaluate the activation by fluorometry.
Experiments

Synthesis of VACNTs
VACNTs were synthesized by catalytic thermal CVD (Chemical Vapor Deposition) method. Fig. 1 shows the schematic view of the equipment used in this study (Microphase Co., Japan). Silicon (Si) wafer with oxide film was used as substrates and evaporated ethanol was used as a source of carbon in this method. For VACNT synthesis, catalysts, Iron (Fe) and aluminum (Al), were deposited on the substrate by sputtering using electron cyclotron resonance (ECR) type ion shower equipment (ELIONIX Co.) and heated in vacuum atmosphere to form nano particles. The conditions for deposition of catalysts and for synthesis of CNTs in detail are shown in previous paper, and the CNTs synthesized were multi-wall CNTs [4] .
Fig. 1 Configuration of CVD equipment for CNTs synthesis
The crucial experimental parameter here is the deposition time. In order to distribute catalyst nano particles with a high density on the surface, it is necessary to pick the appropriate parameters. Rates of deposition of Al and Fe were 10~20 nm/min and 5~10 nm/min, respectively. Length of CNTs was controlled by changing thickness of Al, and deposition times were 1 to 7 min for Al and 1 min for Fe, respectively. CNTs synthesized by CVD method are very dense structure with high aspect ratio, and the average interval between each CNT was less than 100 nm [4] . For typical bio-analysis, such as immunoassay, the proper space for diffusion of samples, such as proteins or viruses, should be several hundred nm to several μm. Therefore, it is necessary to re-form the CNTs to the structure with proper feature according to the analysis samples.
Fabrication of micro reactor with CNTs reaction field
Since CVD process temperature for CNTs synthesis was about 700℃, it is difficult to synthesize the CNTs on low melting point materials. The authors have developed a process by transferring VACNTs on the surface of polymer in same vertical aligned state [4] . In this study, we made micro reactor with adhesive polymer beforehand and transferred CNTs on surface of the micro reactor. We selected PDMS as adhesive and Since VACNTs as synthesized were hydrophobic without any treatment, argon (Ar) plasma was irradiated to change wettability of the CNTs from hydrophobic to hydrophilic. ECR-type ion shower equipment is used for the surface treatment. After Ar plasma irradiation, VACNTs are clumped together to form bundles by self-organization, and we call these structured VACNTs as "CNTs reaction field". Fig. 2 shows the process of making the CNTs reaction field. Ethanol was dropped on the VACNTs and dried in the atmosphere. By ethanol's osmosis and evaporation, VACNTs are clumped together by meniscus force and keep its structure because of van der Waals' forces. We can make various kinds of the CNTs reaction field which have different features sizes by changing length of CNTs.
Fig. 2 Process for fabrication of CNTs reaction field 2.3 Surface modification of CNTs for improving protein adsorption
For using CNTs as a reaction field, it is necessary to immobilize bio-molecules for bio-analysis process, and higher adsorption can supply higher reaction efficient. In this study, Ar plasma irradiation with various conditions was utilized to treat surface of the CNTs for investigation of influence of surface characteristics on protein adsorption. Activation of CNTs can be improved by introduction of defects on the surface of CNTs due to the irradiation. The influence of the irradiation work volume, which is defined by multiplying the duration time (min) to accelerating voltage (V), was evaluated on surface characteristics. Furthermore, the optimal irradiation condition was obtained and adapted to treat the CNTs for the bio-analysis.
Evaluate methods
Structure of CNTs and CNTs reaction field were observed by scanning electron microscope (KEYENCE Co.). The wettability of the CNTs was evaluated by measuring the contact angle. Evaluation of the crystallinity was carried out using Raman spectroscopy. To reveal the influences of structural parameters and surface characteristics of CNTs on detection intensity and reaction velocity, fluorometry was applied for evaluation of protein adsorption in the CNTs reaction field with fluorescence labeling using antigen-antibody reaction. Fig. 3 shows schematic view of experiment procedure. First, 100 µl bovine serum albumin (BSA) solution (e.g., 1.0 mg/ml) was dropped on the CNTs reaction field. Then, surface of CNTs structure was blocked by 100µl skim milk. After that, 20µl anti BSA with fluorescent isothiocyanate (FITC) solution in concentration of 100 μg/ml was added to the sample. After each steps, the sample was incubated 15 minutes to fixing and reaction, and then washed by 20 ml phosphate buffered saline (PBS) three times to remove superfluous after. The sample was observed by fluorescence microscope (Olympus Co.). Amount of adsorbed protein was evaluated by observing fluorescent intensity of the sample. To reveal inclination of protein adhesion to various CNTs structure, we used CNTs reaction field which has various gaps and surface characteristics of CNTs. Fig. 4 (a) and (b) show the CNTs synthesized on Si substrate which has vertical aligned structure and the transferred on PDMS polymer, respectively. In this case, PDMS was hardened by heat treatment at 60℃ for 60 minutes in order to form the channel while keeping adhesive characteristic. It is shown that all of CNTs were transferred to the polymer surface and kept vertical alignment. Fig. 4 (c) shows the final micro channel device which has micro reactor with CNTs on glass. 
Results and discussions
CNTs synthesis and reaction field
Surface characteristics of CNTs after Ar plasma irradiation
Ar plasma irradiation with various conditions was applied to treat surface of the CNTs. Fig. 6 shows the results of Raman spectroscopic analysis of CNTs for different irradiation conditions. Curve fitting was carried out on the experimental data for the two peaks (G peak and D peak), and the area ratio of I G /I D was calculated to be 0.88 for CNTs without irradiation. CNTs as synthesized were thought to be multi-walled nanotubes with many disorders. After the irradiation, the Raman spectrums changed according to the irradiation works and the changes in the Raman spectrums were proportional to the irradiation works. In the case of irradiation with small irradiation work volume for controlling wettability, change in the Raman spectrum was little, and change in wettability may be mainly due to introduction of functional groups on CNTs surface. In contrast, the Raman spectrum change was much larger in the case of large irradiation work volume. This indicates that removal of CNTs occurred after destruction of the outer structure. The crystal structure was different from graphite because the spectra could be fitted to an amorphous pattern. Furthermore, irradiation with higher work volume can change not only the surface activation, but also break down the CNTs itself, and as a result, reduce the total density of CNTs [6] . For improving surface activation of CNTs without changing feature size of the structure, selection of proper irradiation condition for the surface treatment becomes very important. In this study, conditions for plasma irradiation from 500Vx2min to 1000Vx10min are chosen for improving surface activation as shown in Fig. 7 . For evaluation of adsorbability of proteins, the surface treatment with three conditions, 500Vx2min, 1000Vx3min and 1000Vx10min, was performed to the CNTs structure with three different sizes, respectively. Because BSAs were labeled with FITC, the fluorescence intensity means that there are more BSAs adsorbed in brighter areas than in darker areas. Amount of adsorbed BSA were bigger when the size of CNTs structure got smaller due to the reduction of diffusion length and increase of surface area. In addition, the adsorption sites increased due to plasma processing. Especially, Ar plasma irradiation with higher work volume, which changes the distribution of Raman spectrum significantly as shown in Fig. 6 , was very effective for improvement of the adsorption. The intensity of the fluorescence images was shown in Fig. 9 . In combining proper plasma processing with the finer reaction field fabrication, fluorescence intensity increase up to 30 times. From results above, CNTs reaction field which has amorphous surface and fine structure (less than 3 µm for BSA protein) shows highest sensitivity. 
Conclusions
A process to fabricate micro/nano structure by synthesis of vertically aligned CNTs (VACNTs) and self-organization, and to improve surface activation of CNTs by Ar plasma irradiation was developed for fabrication of micro/nano structure for high-sensitive bio-analysis. The influence of structure dimensions and plasma irradiation on the bio-analysis was investigated. CNTs reaction field with various feature sizes and treated with various plasma irradiation conditions was fabricated and utilized to evaluation of bio-analysis efficiency. Protein adsorption was performed to evaluate the effect of micro/nano structure and surface treatment. The results show that protein adsorption increases for finer feature size of reaction field and higher quantity of the plasma processing. In combining plasma processing with the finest reaction field fabrication, fluorescence intensity improved up to 30 times.
